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The role of the world’s forests as a “sink” for atmospheric carbon dioxide is 
the subject of active debate. Long-term monitoring of plots in mature humid 
tropical forests concentrated in South America revealed that biomass gain by 
tree growth exceeded losses from tree death in 38 out of 50 neotropical sites. 
These forest plots have accumulated 0.71 + 0.34 tons of carbon per hectare per 
year in recent decades. The data suggest that neotropical forests may be a 
significant carbon sink, reducing the rate of increase in atmospheric CO2.
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Tropical forests contain as much as 40% of the carbon stored as terrestrial biomass(1) and 
account for 30-50 % of terrestrial productivity(2). Therefore a small perturbation in this biome 
could result in a significant change in the global C cycle(3). Recent micrometeorological 
research suggests that there is a net C sink in mature Amazonian forests(4, 5), but our ability 
to draw firm conclusions is hampered by the limited spatial and temporal extent of these 
measurements. Another approach, applying atmospheric transport models to measured 
global distributions of CO2, oxygen and their isotopes(6), has yielded conflicting results. We 
now report a third approach to explore the role of mature tropical forests in the global C 
cycle, namely the use of permanent sample plots (PSPs).  PSPs, established by foresters 
and ecologists to monitor tree growth and mortality, have the potential to yield C 
accumulation estimates that are at once both geographically extensive and of high spatial 
and temporal resolution. 
 
 We compiled data on basal area (cross-sectional area of trees per unit ground area) 
from mature tropical forest plots(7) that meet appropriate a priori criteria(8). Basal area of 
trees is a well-substantiated surrogate measure of total biomass in tropical forests(9), so 
changes due to tree growth and mortality provide an effective measure of changes in 
biomass. We tested for changes in mature tropical forest biomass in each of four nested 
regions: the humid tropics (153 plots), the humid Neotropics (120 plots), the humid lowland 
Neotropics (108 plots), and Amazonia (97 plots)(10). These plots represent more than 
600,000 individual tree measurements tropics-wide. 
 
We conducted two analyses with the information available. For each region we first 
calculated the mean rate of change in tree basal area across sites, based on the difference 
between the initial and final census at each geographically-distinct site (11). Sites may 
contain one or more floristically and edaphically similar plots (12). In the second analysis we 
estimated basal area change as a function of calendar year, and derived an estimate of 
regional net accumulated biomass through time. Data for this approach were derived for 
each site by first computing differences between each successive census, then by linear 
interpolation between successive censuses for years when measurements were not taken, 
and finally for each year by averaging change across all contributing plots. Measurement 
errors were corrected by comparing multiple measurements of the same tree over time(13). 
Basal area values were converted to above-ground biomass estimates using an allometric 
model developed for lowland forest in central Amazonia, and by using correction factors to 
account for the biomass of lianas and small trees(14). 
 
 Biomass has increased in mature forest sites in the humid Neotropics (1.11 + 0.54 t 
ha-1 yr-1; mean + 95% confidence intervals), the humid lowland Neotropics (1.08 + 0.59 t 
ha-1 yr-1), and in Amazonia (0.97 + 0.58 t ha-1 yr-1)(15). The entire pantropical dataset also 
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shows an increase in biomass (0.77 + 0.44 t ha-1 yr-1), but the signal is dominated by the 
neotropical pattern and there has not been a significant change in paleotropical sites (-0.18 + 
0.59 t ha-1 yr-1)(16). In the Neotropics the mean value of biomass change has been positive 
for most years since widespread PSP monitoring began(17). In Amazonia, where most 
inventories are located, plots have on average gained biomass in most years since at least 
the late-1970’s (Fig. 1). By 1990, mature forest sites in all three nested neotropical regions 
had on average accumulated substantial biomass (Fig. 2). 
 
These results show that (1), there is considerable spatial and temporal variability in rates of 
biomass change, yet (2), on average plots have gained biomass, and (3), the increase has 
been especially marked in lowland neotropical sites. There has been no statistically 
detectable change in biomass in African and Asian plots, but our coverage of these areas (18 
sites) is sparser than in the Neotropics (50 sites), so we concentrate our discussion on the 
Neotropics. If the difference between neotropical and paleotropical forests is genuine, it may 
reflect differing climatic factors, or perhaps greater human disturbance in the more densely 
populated Paleotropics(18). 
 
Before extrapolating these results to the biomass of neotropical forests as a whole, it is 
important to consider whether the PSPs were representative of the broader region. 
Neotropical forests are heterogeneous(19) and our dataset spans much of the natural 
variation in Amazonian forests(20). The number of extra-Amazonian lowland and montane 
samples also corresponds to the approximate coverage of each region(21). Recent 
debate(22) has centred on two issues of potential problems in monitoring: (1) research 
activity having a negative impact on tree survivorship and growth; and (2) plots becoming 
increasingly subject to edge effects as surrounding forest is fragmented(23). These effects 
would increase mortality relative to growth so causing a decline in measured biomass - the 
opposite of our result. A further possibility is that there could be a bias in the PSPs compared 
to the surrounding forest, by systematic avoidance or under-reporting of forests that 
underwent natural catastrophic disturbances or smaller-scale disturbance due to localised 
tree death. Although it is difficult to quantify such a bias there is little evidence for it in our 
dataset(24), and the increase in biomass is larger than can be accounted for simply by the 
dynamics of a few large trees(25). 
 
Our results are therefore indicative of a widespread increase in the biomass of surviving 
neotropical forests over recent decades. There are a number of mechanisms which may 
explain this change: 1) a response to continental-scale cyclical climate change; 2) recovery 
from widespread disturbance, either natural or anthropogenic; 3) enhanced forest 
productivity due to a secular change in climate or increased nutrient availability. 
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Since the earth’s climate fluctuates, forest stocks of carbon might be responding to past 
climatic events. The El Niño Southern Oscillation (ENSO) may be one long-term driver of 
cyclical changes in forest dynamics(26). In El Niño years most of Amazonia receives below-
normal rainfall(27), but our data show that Amazon forests gained biomass before, during, 
and after the intense 1982-3 ENSO (Fig. 1). It is possible that regional forest biomass is 
recovering from earlier greater disturbances – either from drought or from the impacts of 
indigenous peoples who have experienced steep population declines since the 16th 
Century(28). The biomass increase could also be a response to recent anthropogenic global 
change. There is some evidence for an increase in temperate and tropical forest 
productivity(29) and even mature ecosystems may gain biomass if plant productivity is 
stimulated(30). Candidate factors for nutrient fertilization include increasing atmospheric 
CO2(31) and increased N and P deposition from Saharan dust(32) and biomass burning(33).  
 
To estimate regional C sequestration rates, we first converted above-ground biomass into C 
stocks using allometric data obtained in central Amazonia(34). The increase in biomass on 
Amazonian plots is equivalent to a net uptake of 0.62 + 0.37 t C ha-1 yr-1. Multiplying this by 
the estimated area of humid forest in lowland Amazonia(21) suggests a mature forest 
biomass C sink of 0.44 + 0.26 Gt C yr-1. Similarly, the estimated annual C sink in lowland 
neotropical humid forest is 0.52 + 0.28 Gt C, and for all mature humid neotropical forests it is 
0.62 + 0.30 Gt C. Our method suggests a lower C uptake rate than estimates from eddy 
covariance studies in Rondonia (1.0 t ha-1 yr-1)(2) and near Manaus (5.9 t ha-1 yr-1)(5). The 
discrepancy may reflect the limited spatial and temporal extent of eddy covariance 
measurements, or else be indicative of significant increases in the necromass and soil 
pools(35), which are not accounted for in our analysis. 
 
Our results suggest that mature neotropical forest biomass may account for ~40% of the so-
called “missing” terrestrial C sink(36). Hence, intact forests may be helping to buffer the rate 
of increase in atmospheric CO2, thereby reducing the impacts of global climate change. 
However the C sink in mature forests appears vulnerable on several counts. There is likely to 
be an upper limit to the biomass a forest stand can hold. Moreover, deforestation, 
logging(37), increased fragmentation and edge-effect mortality(22, 23), regional drying and 
warming(38), and possible intensification of El Niño phenomena(39), may limit and even 
reverse the sink provided by mature forest. A dedicated large network of permanent biomass 
plots could provide vital insight into the future role of tropical forests in the global C cycle.(40) 
Phillips 6 
 
R
 
eferences and Notes 
1. R.K. Dixon, S. Brown, R.A. Houghton, A.M. Solomon, M.C. Trexler, J. Wisniewski, Science, 263, 
185 (1994). 
 
2. J. Grace, Y. Malhi, N. Higuchi, P. Meir, In Global Terrestrial Productivity (eds. Mooney and Roy) 
(1997, in press). 
 
3. A. E. Lugo and S. Brown, For. Ecol. Man. 48, 69 (1992); J.A. Taylor and J. Lloyd, Aust. J. Bot. 40, 
407 (1992); S. Brown, J. Sathaye, M. Cannell, P. Kauppi, in Climate Change 1995: Impacts, 
Adaptations, and Mitigation of Climate Change, Scientific-Technical Analyses, Contributions of 
Working Group II to the Second Assessment Reports of the IPCC, R.T. Watson, M.C. Zinyowera, R.H. 
Moss, Eds. (Cambridge University Press, Cambridge, 1995), pp. 775-797. 
 
4. J. Grace, J. Lloyd, J. McIntyre, A.C. Miranda, P. Meir, H. Miranda, J.M. Moncrieff, J. Massheder, 
I.R. Wright, J. Gash, Global Change Biology 1, 1 (1995); J. Grace, J. Lloyd, J. McIntyre, A.C. Miranda, 
P. Meir, H. Miranda, C. Nobre, J.M. Moncrieff, J. Massheder, Y. Malhi, I.R. Wright, J. Gash, Science  
270, 778 (1995). 
 
5. Y. Malhi, A.D. Nobre, J. Grace, B. Kruijt, M.G.P. Pereira, A. Culf, S. Scott (in press) J. Geophysical 
Research – Atmospheres. 
 
6. P. Ciais, P.P. Tans, M. Trolier, J.W.C. White, R.J. Francey, Science 269, 1098 (1995); I.G. Enting, 
C.M. Trudinger, R.J. Francey, Tellus 47B, 35 (1995); E.R. Hunt, S.C. Piper, R. Nemani, C.D. Keeling, 
R.D. Otto, S. Running, Global Biogeochemical Cycles 10, 431 (1996). 
 
7. Sequential basal area data were sourced in three ways: (1) from unpublished plots in Peru, Brazil 
and Venezuela censused by the authors and colleagues; (2) by asking others responsible for 
monitoring mature plots for permission to use their unpublished data; and (3), from the literature. 
Basal area (BA, m2) is related to diameter (D, m) by BA = 3 (D/2)2. 
 
8. Mature tropical forest data were included where living trees >10cm diameter were measured either 
at 1.3m (non-buttressed trees) or immediately above buttress roots. Sites that experienced natural 
disturbances before or during the inventory period were generally included, but cyclone-prone forests 
(Puerto Rico, Australia) were excluded to avoid biases in timing - most such plots are either re-
censused immediately after cyclones hit, or else are established in areas recovering from cyclones 
(c.f. review by E.V.J. Tanner, J.R. Healey, V. Kapos, Biotropica 23, 513(1991)). This exclusion was 
conservative - biomass increased in the two cyclone-forest sites with published long-term basal area 
data (T.R. Crow, Biotropica 12, 42 (1980); D.I. Nicholson, N. Henry, J. Rudder, Proc. Ecol. Soc. Aus. 
  
Phillips 7 
 
  
15, 61 (1988)). Plots in forest fragments <100 ha and plots that suffered mass mortality by logging or 
deforestation before or during the inventory period were also excluded. 
 
9. For example: J.M. Pires and G.T. Prance, in Amazonia, G.T. Prance and T.E. Lovejoy, Eds. 
(Pergamon, Oxford, 1985), pp.109-145; S. Brown, A.J.R. Gillespie, A.E. Lugo, For. Sci. 35, 881 
(1989); S. Brown, A.J.R. Gillespie, A.E. Lugo, Can. J. For. Res. 21, 111 (1991); I. Foster Brown, D.C. 
Nepstad, I. de O. Pires, L.M. Luz, A.S. Alechandre, Env. Cons. 19, 307 (1992); A.J.R. Gillespie, S. 
Brown, A.E. Lugo, For. Ecol. Man. 48, 69 (1992). 
 
10. “Humid tropics” includes forest receiving >1500mm precipitation annually; “lowlands” includes 
forest <500m a.m.s.l.; “Amazonia” includes humid forest within the phytogeographical region of 
Amazonia, encompassing Amazonian Brazil, Colombia, Ecuador, Peru, Bolivia, the Guianas, and 
contiguous moist forest in Venezuela, excluding non-forest vegetation. 
 
11. Data table and data references are at http:// www.sciencemag.org. 
 
12. Mean individual plot size per site = 1.87 ha; data from plots <0.2 ha were pooled. 
 
13. Excessive declines or increases in diameter of trees reported in individual censuses indicate  
human measurement error, and were corrected by interpolating between prior and subsequent 
censuses. 
 
14. The relationship between tree basal area (BA, m2 ha-1) and fresh above-ground biomass of trees 
>10 cm diameter (AGFB, t ha-1) has the linear form AGFB = 66.92 + 16.85(BA), with r2=0.85, based 
on destructive harvesting of 319 trees at site 9. The relationship was tested and found to be 
appropriate at another site in eastern Amazonia (T.M. Araujo, N. Higuchi, J.A. Carvalho Jr., Anais da 
Academia Brasileira de Ciencias (1996)). Correction factors were included for the biomass of trees 
with diameter <10 cm (x 1.062), on the basis of the biomass-dbh distribution, and for lianas with 
diameter >1cm (x 1.037), on the basis of liana/tree biomass comparisons in Amazonian forests (E.E. 
Hegarty and G. Caballé, in The Biology of Vines, F.E. Putz and H.E. Mooney, Eds. (C.U.P., New York, 
1991), pp. 313-336.). Other generally minor components of plant biomass such as stranglers, 
epiphytes, shrubs and herbs were not considered.  The proportion of water in AGFB (40%) was 
determined from the destructive sampling of 38 trees and the partial sampling of 100 trees at site 9. 
 
15. Neotropics: n = 50 sites, 38 with positive change, P <0.001; lowland Neotropics: n = 45 sites, 34 
with positive change, P <0.01; Amazonia: n = 40 sites, 30 with positive change, P <0.01.  P values are 
for two-tailed binomial tests; the one Amazon site with no change was treated as negative change. 
  
Phillips 8 
 
  
 
16. All tropics: n = 68 sites, 48 with positive change, P <0.01; Paleotropics: n = 18 sites, 10 with 
positive change, n.s..  P  values are for two-tailed binomial tests. 
 
17. For years in which >5 sites were monitored, the mean change was positive in 24 of 30 years 1967-
1996 for the Neotropics (P <0.01); in 21 of 26 years 1971-1996 for the lowland Neotropics (P <0.01); 
in 20 out of 22 years 1975-1996 for Amazonia (P <0.001); in 13 out of 30 years 1958-1987 for the 
Paleotropics (n.s.), and in 36 out of 41 years since 1956 for all tropical forests (P <0.001). P values 
are for two-tailed binomial tests. 
 
18. T.C. Whitmore, in W.F. Laurance and R.O. Bierregaard, Eds., Tropical Forest Remnants: ecology, 
management and conservation of fragmented communities. (University of Chicago Press, Chicago, 
1997), pp. 3-12. 
 
19. H. Tuomisto, K. Ruokolainen, R. Kalliola, A. Linna, W. Danjoy, Z. Rodriguez, Science 269, 63 
(1995). 
 
20. Non-flooded forests on low to medium fertility pre-Holocene substrates cover 65-70% of Amazonia 
(J.M. Pires, in Tropical Forest Ecosystems (UNESCO, Paris, 1978), pp. 607-627), and comprise 70% 
of our Amazonian sites. Other extensive Amazonian forest types (on alluvial, white sand, and swampy 
substrates) feature in the dataset in proportion to their region-wide abundance. 
 
21. Estimates of humid tropical forest areas vary according to definition. We use 1990 area estimates 
from the Food and Agricultural Organisation (FAO Forestry Paper 112 (1993), FAO, Rome), 
combining areas described as tropical rain forest, moist deciduous forest and hill and montane forest 
to calculate humid neotropical forest area in the lowlands (7,486,150 km2) and in total (8,705,100 
km2). Our estimate of lowland Amazonian forests (7,116,280 km2), is based on combining the lowland 
humid forest figures for Brazil, Bolivia, Colombia, Ecuador, French Guyana, Guyana, Peru, Suriname, 
and Venezuela. The area is dominated by the Amazonian hylaea, but also includes small areas of 
lowland forest along the Pacific and Atlantic coasts. 
 
22. c.f. R.O. Bierregaard, T.E. Lovejoy, V. Kapos, A. Santos, R. Hutchings, BioScience 42, 859 
(1992); O.L. Phillips, Science 268, 894 (1995); D. Sheil, Science 268, 895 (1995); D. Sheil, For. Ecol. 
Man. 77, 11 (1995); R. Condit, Tr. Ecol. Evol. 12, 249 (1997); L.V. Ferreira and W.F. Laurance, Cons. 
Bio. 11, 797 (1997); O.L. Phillips and D. Sheil, Tr. Ecol. Evol. 12, 404 (1997); O.L. Phillips, P. Nuñez 
V., M. Timaná, Biotropica (in press, 1998) 
 
  
Phillips 9 
 
  
23. Fragmented Amazonian forests can experience precipitous declines in biomass after isolation 
(W.F. Laurance, S.G. Laurance, L.V. Ferreira, J.M. Rankin-de-Merona, C. Gascon, T.E. Lovejoy, 
Science 278, 1117 (1997)), and edge effects have been suggested to extend up to 1000m in from 
forest margins (D. Skole and C. Tucker, Science 260, 1905 (1993)). We excluded a priori any plots in 
fragments <100ha, but some neotropical sites are in larger islands or narrow peninsulas of forest 
(sites 1, 42, 43) and/or are close to forest edges abutting on large areas that have been deforested 
before or during the monitoring periods (sites 2, 34). The mean rate of biomass change in these sites 
is -0.42 t ha-1 yr-1. 
 
24. If plots measuring a catastrophic loss were somehow excluded from the study, they would have 
been done so a priori or post priori. A mechanism for a priori exclusion would be that forest vulnerable 
to catastrophes is selected against when plots are established, but it is difficult to see what criteria 
could be used to make such an assessment. For example, while multiple tree-falls covering large 
areas do occasionally occur, where they will occur is unknowable. Moreover, any such tendency may 
select against young stands obviously recovering from disturbances (e.g., gaps regenerating after 
local flooding) and bias our results instead to the parts of the landscape gaining carbon less rapidly. A 
mechanism for post priori exclusion would be that plots suffering catastrophic losses are abandoned 
and not reported. However we are not aware of any cases of abandoning tropical forest plots after 
catastrophic loss, and monitoring the impacts of such natural catastrophic events would presumably 
be of extra scientific value (c.f. note 8) 
 
25. As an example we take the BIONTE study area in central Amazonia where diameter/biomass 
relationships have been derived for individual tree species. In the 3 x 1 ha BIONTE study plots (site 8) 
mean biomass is 353 t ha-1. Biomass of the five largest trees was 17.2, 13.0, 9.4, 8.0, and 7.8 t 
respectively. Thus the loss of one of these large trees would only represent a loss of 1.6, 1.2, 0.9, 0.8, 
and 0.8 % respectively of the total inventoried biomass (equivalent to 4.9 - 2.2 % of total biomass in 1 
ha). Although some trees are very long-lived (J.Q. Chambers, N. Higuchi, J.P. Schimel, Nature 391, 
135 (1998)) the dynamics of the much more numerous smaller trees is more important. In the BIONTE 
example, the gain of biomass in the 3 x 1 ha study between 1980 and 1997 was 90.5 t, which 
represents the equivalent of 5.3 times the biomass of the single largest tree and is spread throughout 
the study area. On a wider scale, many of the neotropical plots have recently experienced very high 
mortality rates and rapid recruitment of small trees (O.L. Phillips, P. Hall, A.H. Gentry, S.A. Sawyer, R. 
Vásquez, Proc. Natl. Acad. Sci. (U.S.A.) 91, 2805 (1994); O.L. Phillips, Env. Cons. 23, 235 (1996); 
O.L. Phillips, P. Hall, S. Sawyer, R. Vásquez, Oikos 79, 183 (1997)), which indicates that neotropical 
forest dynamics are not dominated by the behaviour of a few giant, slow-growing trees.  
 
26. R. Condit, S.P. Hubbell. R.B. Foster, Ecol. Mon. 65, 419 (1995); M. Keller, D.A. Clark, D.B. Clark, 
A.M. Weitz, E. Veldkamp, Science 273, 201 (1996). 
  
Phillips 10 
 
  
  
 
27. C.F. Ropelewski and M.S. Halpert, Monthly Weather Review 115, 1606 (1987). 
 
28.  W.M. Denevan, Ann. Assoc. Am. Geog. 82, 369 (1992). 
 
29. e.g., D.A. Graybill and S.B. Idso, Global Biogeochemical Cycles 7, 81 (1993); M. Becker, T.M. 
Nieminen, F. Gérémia, Ann. Sci. For. 51, 477 (1994); O.L. Phillips and A.H. Gentry, Science  263, 954 
(1994); R.A. Houghton, Tellus Ser. B. 48, 420 (1996); R.F. Keeling, S.C. Piper, M. Heimann, Nature 
381, 218 (1996). 
 
30. J.A. Taylor and J. Lloyd, Aust. J. Bot. 40, 407 (1992). 
 
31. R.B. McKane, E.B. Rastetter, J.M. Melillo, G.R. Shaver, C.S. Hopkinson, Global Biogeochemical 
Cycles 9, 329 (1995); Ch. Korner and F.A. Bazzaz, Eds., Carbon Dioxide, Populations, and 
Communities, (Academic, San Diego, 1996); J. Lloyd and G.D. Farquhar, Functional Ecology 10, 4 
(1996). 
 
32. R. Swap, M. Garstang, S. Greco, R. Talbot, P. Kallberg, Tellus Ser. B 44, 133 (1992). 
 
33. e.g., D.S. Schimel, B.H. Braswell, R. McKeown, d.S. Ojima, W.J. Parton, W. Pulliam, Global 
Biogeochemical Cycles 10, 677 (1996); P.M. Vitousek, J.D. Aber, R.W. Howarth, G.E. Likens, P.A. 
Matson, D.W. Schindler, W.H. Schlesinger, D.G. Tilman, Ecol. Apps. 7, 737 (1997). Tropical forest 
tree growth has been shown experimentally to increase after N and P fertilisation (E.V.J. Tanner, V. 
Kapos, W. Franco, Ecol. 73, 78 (1992)). 
 
34. We assumed that: (1) 48% of biomass is in the form of C (based on burning experiments near 
Manaus, central Amazonia: J.A. Carvalho Jr., J.M. Santos, J.C. Santos, M.M. Leitão, N. Higuchi, 
Atmospheric Environment 29, 2301 (1995); J.A. Carvalho Jr., N. Higuchi, T.M. Araujo, J.C. Santos, 
Journal of Geophysical Research-Atmospheres 103, 13195 (1998)); (2) that the ratio of above-ground 
biomass to root biomass is 3:1 (the average value of three studies in Brazilian Amazonia (P. 
Fearnside, Emissão e Sequestro de CO2, (Companha Vale do Rio Doce, Rio de Janeiro, 1994), pp. 
95-124), consistent with a global analysis of root biomass allocation, M.A. Cairns, S. Brown, E. 
Helmer, G. Baumgardner, Oecologia 111, 1 (1997)); and (3) that root biomass increased in proportion 
to above-ground biomass. We ignored C stocks in fine litter, dead wood, and soil, which may also 
have changed. 
35. Although PSP data address the problem of spatial variability that can limit extrapolation of eddy 
covariance studies, they clearly cannot assess the behaviour of necromass and below-ground carbon 
Phillips 11 
 
  
pools which might be expected to increase together with biomass. A combination of eddy covariance 
and biomass studies may provide a useful tool in the future to examine below-ground processes. 
 
36. Recently estimated at ~1.4 Gt (D.S. Schimel, Global Change Biology 1, 77 (1995)). By 
comparison, deforestation in Brazilian Amazonia was estimated to yield a net C emission of 0.34 Gt in 
1990 (P.M. Fearnside, in J.S. Levine, Ed., Biomass Burning in South America, Southeast Asia, and 
Temperate and Boreal Ecosystems, and the Oil Fires of Kuwait (MIT, Cambridge, MA, 1996), pp. 606-
617). Deforestation in the whole Neotropics was estimated to yield 0.6 + 0.3 Gt C annually between 
1980 and 1990 (R.A. Houghton, in M.G. Apps and D.T. Price, Eds., Forest Ecosystems, Forest 
Management and the Global Carbon Cycle, NATO ASI Series vol. I.40 (Springer-Verlag, Heidelberg, 
1996). 
 
37. W.F. Laurance, Trends Ecol. Evol. 13 (1998, in press). 
 
38. E. Salati and C.A. Nobre (1991), Climatic Change 19, 177-196; A. Kattenberg et al. (1996), 
Climate Change (IPCC, Cambridge University Press, 1995), pp. 285-357. 
 
39.  D.Z. Sun, Geophysical Research Letters 24, 2031 (1997). 
 
40. We gratefully acknowledge help in Peru from the late A.H. Gentry, as well as M. Aguilar, C. Díaz, 
C. Grández, N. Jaramillo, M. Jarrell, K. Johnson, D. Milanowski, R. Ortíz, S. Rose, J. Terborgh, A. 
Vásquez, and the logistical support of INRENA, ACEER, Cuzco Amazonico Lodge, Explorama Tours, 
Instituto de Investigaciones de la Amazonía Peruana, Peruvian Safaris, Universidad Nacional de la 
Amazonía Peruana (Iquitos), Universidad Nacional de San Antonio Abad del Cusco (Cusco and 
Puerto Maldonado). In Brazil, we acknowledge the help of R.J. Ribeiro, Y. Biot, P. Delamonica, C. 
Gascon, and other BIONTE and BDFFP project members. We thank J. Terborgh, R. Foster, R. 
Condit, S. Lao, S.P. Hubbell, M.D. Swaine, D. Nicholson, R. Keenan, T. Richards, J.N.M. Silva, J.P. 
Veillon, J. Comiskey, and R. Moraes de Jesus for kindly making data available and for other help. 
Peruvian field research was supported by the American Philosophical Society, National Geographic 
Society (grant 5472-95), National Science Foundation (BSR-9001051), WWF-US/ Garden Club of 
America, Conservation International, the MacArthur and Mellon Foundations, Missouri Botanical 
Garden, and a Research Fellowship from the U.K. Natural Environment Research Council (NERC). 
Support for Venezuelan data analysis was provided by a co-operative agreement between the USDA 
Southern Forest Experiment Station and the University of Illinois (grant 19-91-064). The Biological 
Dynamics of Forest Fragments Project (BDFFP) was supported by WWF-US, INPA, Smithsonian 
Institution, and the MacArthur and Mellon Foundations. Work by Malhi, Higuchi, and Grace formed 
part of the Biomass and Nutrient Experiment (BIONTE) and the Anglo-Brazilian Climate Observation 
Study (ABRACOS), supported by the UK Overseas Development Administration in collaboration with 
  
Phillips 12 
 
  
the Agencia Brasileira de Cooperação, and aided by a NERC Terrestrial Initiative in Global and 
Environmental Research (TIGER) grant. 
